The glucocorticoid (GC) rhythm is entrained to light-dark (LD) cycles via a molecular clock in the suprachiasmatic nucleus (SCN) and is maintained by an adrenal clock synchronized by SCNdependent signals. Targeted deletion of the core clock gene Bmal1 can disrupt adrenal clock function. The requirement of the adrenal clock to stabilize the circadian GC rhythm during exposure to aberrant LD cycles was determined using novel aldosterone synthase (AS)Cre/+::Bmal1Fl/Fl mice in which Bmal1 deletion occurred during postnatal adrenal transdifferentiation. To examine whether adrenal Bmal1 deletion results in loss of the adrenal clock, mice were crossed with mPER2:: Luciferase (mPER2 show dampened rhythms. To monitor corticosterone rhythmicity, mice were implanted with subcutaneous microdialysis probes and sampled at 60-minute intervals for up to 3 days under 12:12-hour [t (T) 24] LD or 3.5:3.5-hour (T7) LD cycles. Corticosterone rhythms were entrained to T24 LD in CTRL and KO mice. Under T7 LD, circadian corticosterone rhythms persisted in most CTRL mice but not KO mice. Hyperadrenocorticism also was observed in KO mice under T7 LD, reflected by increased corticosterone peak amplitude, total daily corticosterone, and responses to ACTH. Analysis of dysregulated adrenal genes in KO mice exposed to aberrant light identified candidates involved in cholesterol metabolism and trafficking, including steroidogenic acute regulatory protein, which could increase steroidogenesis. Our results show that the adrenal clock functions to buffer steroidogenic responses to aberrant light and stabilize circadian GC rhythmicity. (Endocrinology 159: 3950-3964, 2018) 
C ircadian rhythms are controlled by a molecular clock in the suprachiasmatic nucleus (SCN) of the hypothalamus that is entrained daily by photic input transmitted by intrinsically photosensitive retinal ganglion cells, synchronizing metabolism, cognition, and behavior to the environmental day-night cycle (1) . Because light is the most potent entrainer of the SCN clock, rapid resetting to changing day-night cycles is required during shift work and jet lag to prevent desynchronization of circadian rhythms (2) . Conversely, the misalignment of circadian rhythms that occurs chronically in shift work and jet lag contributes to adverse health effects (3) . The SCN clock consists of interlocking feedback loops of gene transcription and translation (4) . The "positive" limb involves CLOCK and BMAL1, which heterodimerize and activate transcription of the genes, period (Per) and cryptochrome (Cry). The protein products, PER and CRY, function as the "negative limb" by acting on the CLOCK:BMAL1 complex to repress their transcription. The feedback loops are self-regulating with a ;24-hour periodicity. The molecular clock is found in most tissues (5) , providing a peripheral clock mechanism that subserves tissue-specific functional rhythms (6) . Thus, shifts in the light-dark (LD) cycle require resetting of the SCN clock that in turn synchronizes the timing of peripheral clocks (7, 8) .
Adrenal secretion of glucocorticoids (GCs; cortisol in humans and corticosterone in rodents) is controlled by the hypothalamic-pituitary-adrenal axis and exhibits a prominent circadian rhythm that provides optimal GC exposure throughout the day. Because circadian GC rhythms entrain central (9, 10) and peripheral clocks (11, 12) , altered GC rhythms will have major effects on metabolic, hemodynamic, and cognitive function. The adrenal cortex expresses a molecular clock that induces the rhythmic expression of the clockcontrolled gene, steroidogenic acute regulatory protein (StAR) (13) , and has been implicated in gating adrenal sensitivity to ACTH (14) . Surprisingly, adrenal cortex-selective clock disruption has resulted in no alteration in the circadian corticosterone rhythm under 12:12-hour [t (T) 24] LD (13) and inconsistent responses under constant dark (DD) (13, 15) , suggesting that the adrenal clock is not required for maintaining circadian GC rhythms. Instead, the SCN clock may be sufficient for synchronizing circadian GC rhythms under T24 LD and DD. Whether the adrenal clock is important for maintaining GC rhythmicity during chronic exposure to an aberrant LD cycle is unknown. To address this possibility, we have generated, to our knowledge, a novel adrenal cortex-specific Bmal1 knockout (KO) mouse and examined the hypothesis that the adrenal clock is required to maintain the circadian GC rhythm during aberrant light exposure produced by an ultradian 3.5:3.5-hour (T7) LD cycle (16, 17) .
Using chronic microdialysis sampling to obtain the temporal resolution required to characterize the circadian GC rhythm in mice (18) , we determined that exposure to T7 LD disrupts the circadian GC rhythm and that the adrenal clock acts to buffer aberrant lightinduced GC responses. Adrenal Bmal1 KO mice also show increased corticosterone responses to ACTH challenge under T7 LD, suggesting that aberrant lightinduced changes in corticosterone may result from increased responsiveness to ACTH.
Methods and Materials
Animal welfare assurance Mice (7 to 16 months old) were housed on a 12-hour light/ 12-hour dark cycle (12:12 hours, T24 LD; lights on at 0600 hours). Zeitgeber times (ZTs) of ZT0 and ZT12 were used as the lights-on and lights-off times, respectively. The light intensity at the surfaces of the cages was ;200 lux. Mice were fed normal, commercial rodent chow and provided with water ad libitum. Prior to tissue collection, mice were humanely euthanized by decapitation or carbon dioxide exposure followed by cervical dislocation, and all efforts were made to minimize suffering. Animals were maintained and cared for in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Experimental procedures were approved by the University of Minnesota Animal Care and Use Committee.
Experimental animals
We generated adrenal cortex-specific clock Bmal1 KO mice by intercrossing aldosterone synthase (AS)-Cre recombinase (AS 
Immunohistochemistry
Immunohistochemistry of adrenal slices was performed as described previously (23) . Adrenals were removed, cleaned of fat, and immersion fixed in 4% paraformaldehyde in PBS overnight; adrenals were stored in PBS at 4°C. Each adrenal was sectioned at 100 mm on a Vibratome 1000 (Vibratome, St. Louis, MO). Free-floating slices were blocked and permeabilized overnight at 4°C in PBS supplemented with 10% donkey serum and 0.5% Triton X-100. The sections were then incubated in primary antibody for 2 to 3 days at 4°C, rinsed with PBS, and incubated overnight in secondary antibody at 4°C. After rinsing in PBS for 1 hour, sections were mounted directly to glass slides and covered with the antifade agent Vectashield (Vector Laboratory, Burlingame, CA). The primary antibody was rabbit anti-BMAL1 (1:1000) (NOVUS Biologicals, Littleton, CO) (24). We used donkey antirabbit cyanine 5 or donkey antirabbit Alexa-594 as secondary antibodies (Invitrogen, Grand Island, NY; 1:500). Confocal z stacks were acquired using an Olympus FluoView FV1000 confocal microscope (Center Valley, PA). Editing of images was limited to adjusting the brightness and contrast levels using ImageJ software (NIH, Bethesda, MD).
Real-time monitoring of bioluminescence
Animals were euthanized by CO 2 asphyxiation/decapitation 3.5 to 4.0 hours before lights out (at ZT 8 to 8.5). Adrenals were rapidly excised and placed in cold Hank's balanced salt solution. After removing the adherent fat, tangential cuts (;300 mm) were made through the adrenal to produce slices containing only outer cortical tissue or both cortical and medullary tissue. Tissue was placed on Millicell organotypic inserts in a 35-mm Petri dish with 1.5 mL of warmed culture media (DMEM without phenol red) supplemented with luciferin and penicillin/streptomycin as described previously (7, 21) . Dishes were sealed with circular glass coverslips and silicon grease. Cultures were maintained at 36°C, and bioluminescence was measured for 1 minute at 7.5-minute intervals for 1 week using photomultiplier tubes in an Actimetrics Lumicycle (Actimetrics, Evanston, IL). Data from the first day of recording were omitted from analysis due to transient bioluminescent activity (8) . The remaining data were smoothed and detrended using a 2-hour and 24-hour running average, baseline subtracted, and fit to a damped sine wave using Lumicycle Analysis software (Actimetrics).
In vivo microdialysis sampling
Mice under ketamine/xylazine (100/10 mg/kg intramuscularly) anesthesia were implanted subcutaneously in the dorsal neck region with a microdialysis probe (CMA20 Elite: membrane polyarylethersulfone, 20-kDa cutoff, 10-mm length, 0.5-mm diameter; Harvard Apparatus, Holliston, MA) as described previously in rats (25) . Following tethering to a liquid swivel (Instech Laboratories, Plymouth Meeting, PA) and counterbalance arm system (Instech Laboratories), mice were housed separately in Plexiglas mouse cages with food and water ad libitum. This system allows free movement throughout the cage and unrestricted access to food and water. Probes were perfused continuously with sterile saline (0.9%) at 2 mL/min using a syringe pump (Harvard Apparatus). Sampling was initiated at 2 days postsurgery, when mice resumed nesting behavior.
Dialysate corticosterone analysis
Corticosterone was determined by I 125 radioimmunoassay using a commercially available kit (MP Biomedical, Solon, OH). Free corticosterone values in a dialysate pool diluted in parallel with the corticosterone standard curve (data not shown); dialysate samples were diluted 1:3 to ensure that values fell on the linear part of the standard curve and final values were corrected for dilution. The intra-assay and interassay coefficient of variation for dialysate corticosterone were 11% and 15%, respectively.
Experimental design

Postnatal transdifferentiation
Adrenals were collected from mice between 7 and 9 months of age. To examine whether postnatal transdifferentiation of zG to zF cells occurred following deletion of Bmal1 in zG cells, adrenocortical mGFP expression was monitored in adrenals from male and female control (CTRL) and KO mice. Confocal z stacks were acquired using an Olympus FluoView FV1000 confocal microscope. Editing of images was limited to adjusting the brightness and contrast levels using ImageJ software (NIH). The pixel area of the total cortex and the cortex expressing GFP was calculated for adrenal slices (n = 4 per adrenal) using ImageJ; to determine the extent of postnatal transdifferentiation, the area of cortical GFP expression was calculated as a percentage of total cortical area.
Circadian locomotor activity
Mice were housed singly in individual cages equipped with running wheels (11.5 cm diameter) that were maintained in ventilated chambers that allowed control of LD cycles. Following housing under T24 LD cycles for 10 to 14 days, mice were exposed to DD for 10 to 14 days. Other mice housed under T24 LD cycles were exposed to a T7 LD (3.5-hour light/3.5-hour dark) cycle (16) for 10 to 14 days. Activity data were collected continuously at 1-minute intervals using a PC system and analyzed using Clocklab software (Actimetrics). The free-running period was calculated over a 10-to 14-day duration under DD or T7 LD using a x 2 periodogram; the amplitude of the circadian (24-hour) and ultradian (7-hour) components was estimated from a normalized Fourier spectrum, and the total daily wheel-running activity (revolutions/d) was obtained for an interval of 10 to 14 days. Following exposure to DD or T7 LD, mice were weighed and euthanized by decapitation; adrenals were harvested, cleaned of fat, and weighed. Adrenals also were harvested from mice under T24 LD that were housed in cages without running wheels.
Subcutaneous microdialysis sampling
To evaluate changes in corticosterone rhythms, CTRL and KO mice exposed to T24 or T7 LD for 3 weeks were implanted with subcutaneous microdialysis probes. Following a 2-day recovery period, dialysate samples were collected continuously at 60-minute intervals for 48 to 72 hours. To examine responsiveness to ACTH, mice then were injected with a maximal dose of ACTH [100 mL, 3.0 mg/kg body weight (BW), subcutaneous (26) ], and sampling continued at 30-minute intervals for 3 hours.
Data analysis of corticosterone rhythms
Circadian rhythmicity in dialysate corticosterone and the peak phase (center of gravity) and amplitude of the rhythm were determined for individual mice using CircWave v1.4 (Dr. R. Hut, EUCLOCK, Munich, Germany) (27) . A circadian rhythm in free corticosterone was confirmed if P , 0.05. The PULSAR peak detection algorithm (28) was used to determine the number of peaks, average peak amplitude, average peak duration, and interpulse interval over a 24-hour duration as described previously (29) . In addition, the area under the curve (total corticosterone above baseline) was calculated to assess the daily corticosterone produced. The following G values were used: G(1) = 4.2, G(2) = 2.4, G(3) = 1.68, G(4) = 1.24, G(5) = 0.93, and smoothing time = 12 hours. These values were chosen based on inspection of the data as recommended in the original method (28) . Using these parameters, PULSAR detected no peaks in a data series produced by assaying 50 replicates of a microdialysate pool with a mean concentration of 151.4 6 16.4 ng/mL (or 6.1 6 0.1 ng/mL when corrected for dilution), providing some assurance that peaks in the experimental data series are not due to false positives produced by the corticosterone RIA.
Gene expression analysis
Adrenals were collected from AS Cre/Cre ::Bmal1 Fl/Fl KO mice in the AM (ZT3 to ZT4) after exposure to T24 LD or T7 LD for 3 weeks. Total RNA was extracted from whole adrenals using a Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA) following the manufacturer's instructions.
RNA sequencing. Adrenals were obtained from mice at 8.2 6 1.5 (n = 4, T24) and 7.4 6 0.7 (n = 3, T7) months of age. RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and only samples with RNA integrity number value .7.0 were used for RNA sequencing (RNA-Seq). Libraries were prepared using a TrueSeq RNA Library Prep Kit (Illumina Inc., San Diego, CA). RNA sequencing was performed on an Illumina NextSeq 500 sequencing platform with single-end 75-bp reads. All samples were processed using an RNA-Seq pipeline implemented in the bcbio-nextgen project (30). Raw reads were examined for quality issues using FastQC (31) to ensure library generation and sequencing were suitable for further analysis. Adapter sequences, other contaminant sequences such as polyA tails, and low-quality sequences with PHRED quality scores ,5 were trimmed from reads using cutadapt (32). Trimmed reads were aligned to the genome using STAR (version 2.4.1d) (33) . The alignments were performed with the genome build and annotations for GRCm38. Alignments were checked for evenness of coverage, rRNA content, genomic context of alignments (e.g., alignments in known transcripts and introns), complexity, and other quality checks using a combination of FastQC (version 0.11.3) and Qualimap (version 30-03-15) (34), as well as custom tools. Counts of reads aligning to known genes were generated by featureCounts (version 1.4.4) (35) . Differential expression at the gene level was called with EdgeR (36) . Significantly differentially expressed genes were determined using a false discovery rate cutoff of 0.05 (P values were multiple test corrected using the Benjamini-Hochberg method).
Quantitative RT-PCR. Adrenals were obtained from mice at 9.5 6 1.1 (n = 8, T24) and 11.5 6 1.3 (n = 8, T7) months of age. Complementary DNA was synthesized using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed using TaqMan Universal PCR Master Mix and a QuantStudio 6 Flex RealTime PCR System (Applied Biosystems). The TaqMan Gene Expression probes used for quantitative RT-PCR were as follows: StAR, Mm00441558_m1; Fabp7, Mm00445225_m1; Nr1d1, Mm00520708_m1; Nr1d2, Mm01310356_g1; Per3, Mm00478120_m1; Osbpl6, Mm00467461_m1; Gapdh, Mm99999915_g1; and Actb, Mm02619580_g1. Expression of the genes of interest was normalized to the average expression of two housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and b-actin (Actb), and the comparative 2 2DDCT method was used to calculate relative gene expression. Results are presented as n-fold changes in gene expression by adrenals from T7 LD-exposed mice compared with adrenals from T24 LD-exposed mice.
Statistical analysis
Body weight, adrenal weight, adrenal gene transcripts, and locomotor activity parameters represent mean 6 SEM from groups of mice. Data from microdialysis experiments are presented as corticosterone values in a series of samples from individual mice or from groups (mean 6 SEM) of mice. Statistical differences were determined using one-way ANOVA (using Tukey correction for post hoc analysis), two-way ANOVA (using Sidak correction for post hoc analysis), or unpaired Student t test where appropriate using Prism software (GraphPad Software, La Jolla, CA). Differences were considered significant if P , 0.05.
Results
Deletion of adrenocortical Bmal1 does not impair postnatal transdifferentiation
To study the impact of adrenocortical Bmal1 deletion on postnatal transdifferentiation, we generated adrenal Bmal1 KO (AS Cre/+ ::Bmal1 Fl/Fl ::R26R mTom/mGFP/+ ) mice by intercrossing AS Cre/+ mice (Cre recombinase inserted into the AS genetic locus) with the mT/mG Cre reporter (19) and the floxed Bmal1 strains (Fig. 1A) and CTRL (AS Cre/+ ::Bmal1 +/+ ::R26R mTom/mGFP/+ ) mice. In CTRL mice, Cre-dependent mGFP expression is first noted in the outer zG during early postnatal life (19) . These mGFP cells then undergo continuous centripetal migration and transdifferentiation into inner zF, a process that persists throughout adult life (19) . To assess whether adrenocortical Bmal1 affects the process of transdifferentiation, we examined high-resolution GFP images to determine whether the morphology of the zG and/or zF was altered by Bmal1 deletion. In adrenals from male and female CTRL and KO mice, the zG was characterized by globular nests of cells underlying the capsule, and the adjacent zF consisted of parallel radial cords of cells (Fig. 1C-1N ). We found no clear differences in adrenal morphology in KO mice that would indicate an effect of Bmal1 deletion on the process of transdifferentiation as defined previously in AS Cre/+ mice (19) . By monitoring both mGFP and BMAL1 expression in male and female KO mice, we observed loss of nuclear BMAL1 labeling in mGFP+ cells (Fig. 1F-1N ). By 7 to 9 months of age, mGFP+ cells and Bmal1 deletion extended throughout the adrenal cortex in female KO mice (Fig. 1F-1H ). Analysis of mGFP expression, as a percentage of the total cortex, a proxy for the degree of transdifferentiation and centripetal migration, showed no difference between female CTRL and KO mice (Fig. 1B) . These data indicate that the extent of transdifferentiation is not affected by Bmal1 deletion in female mice. In contrast, analysis of age-matched male KO mice revealed a decrease in the extent of transdifferentiation and in Bmal1 deletion (Fig. 1B and 1L-1N ). Male KO mice (n = 7) showed reduced postnatal transdifferentiation compared with female KO mice and male CTRL mice (n = 5). Confirming that the AS-Cre model is specific to the adrenal cortex, Bmal1 expression was normal in the adrenal medulla (Fig. 1C-1N ). Based on the above sex differences, experiments assessing responses to adrenocortical Bmal1 deletion were performed in female mice.
Deletion of adrenocortical Bmal1 results in the loss of the adrenal clock
To examine whether deletion of adrenocortical Bmal1 results in the loss of a functioning adrenal clock, we crossed AS Cre/+ ::Bmal1
Fl/Fl with mPER2::Luciferase (mPER2Luc) mice in which ex vivo rhythms in adrenal bioluminescence reflect the in vivo mPER2 clock protein rhythm (22, 37) . ::PER2Luc (KO) mice showed rapidly dampening rhythms ( Fig. 2A) . In KO mice, daily cycles in mPER2Luc activity were diminished in amplitude from adrenal slices consisting of either the cortex only or the cortex and medulla (Fig. 2B) . Despite Bmal1 expression in the adrenal medulla (see Deletion of adrenocortical Bmal1 does not affect circadian rhythms in locomotor activity during exposure to DD or to aberrant light
To determine whether adrenal Bmal1 deletion altered rhythms in locomotor activity, running wheel activity was monitored in different groups of mice for 10 to 14 days under T24 LD followed by DD or under T7 LD. CTRL and KO mice showed rhythms entrained to the T24 LD cycle with increased activity during the dark period ( Fig. 3A and 3B ). After release into DD, freerunning rhythms showed a predominant circadian periodicity (Fig. 3A and 3B) . Circadian period lengths (t) and amplitudes did not differ between CTRL and KO mice (Table 1) . Under T7 LD, CTRL and KO mice showed ultradian rhythms in activity (Fig. 3C and 3D) ; however, a prominent circadian periodicity was maintained under T7 LD in both mice (Fig. 3C and 3D ). Circadian period lengths (t), circadian amplitudes, and ultradian amplitudes did not differ between CTRL and KO mice (Table 1) 
Deletion of adrenocortical Bmal1 increases adrenal mass independently of LD cycle
BW and adrenal weight were increased in KO mice under DD (Table 1) . Adrenal weight normalized to BW also increased (CTRL: 30.3 6 0.8 vs KO: 36.7 6 1.3 mg/100 g BW; P , 0.05), suggesting that increased adrenal mass occurs independently of increased body growth. After exposure to T7 LD, there were no differences in BW between CTRL and KO mice, but adrenal weight remained higher in KO mice (Table 1 ). Potential differences in BW or adrenal weight resulting from DD vs T7 LD exposure could not be assessed due to the potential confound that older mice were used for the T7 experiment (Table 1) . However, adrenal weight also was increased in another cohort of KO mice housed under T24 LD [CTRL: 7.27 6 0.22 mg (n = 6) vs KO: 8.83 6 0.50 mg (n = 4); P , 0.05], indicating that increased adrenal mass occurs independently of LD cycle.
Deletion of adrenocortical Bmal1 does not alter circadian GC rhythms under T24 LD
To determine how deleting adrenal Bmal1 affects GC rhythms, we used subcutaneous microdialysis sampling in mice as validated in rats (25) . Due to a 20-kDa molecular weight cutoff, the microdialysis probe excludes transcortin-bound corticosterone, resulting in sample collection of free (unbound) corticosterone. Circadian rhythms in free corticosterone were entrained to T24 LD cycles in CTRL and KO mice, showing peak circadian phases near the onset of subjective night (Fig. 4A-4D ). There were no differences between CTRL and KO mice in the corticosterone profile across 72 hours of sampling ( Fig. 4A and 4B) . A circadian rhythm was detected by CircWave in all CTRL and KO mice under T24 LD; there was no difference between genotypes in the amplitude (CTRL: 2.78 6 0.22 vs KO: 2.42 6 0.31) or the peak phase (CTRL: 13.6 6 1.2 vs KO: 12.2 6 0.5) of the circadian corticosterone rhythm. In addition, corticosterone responses to an ACTH challenge did not differ between CTRL and KO mice under T24 LD ( Fig. 4A and 4B ; Fig. 5D ), although the integrated response (area under the curve) showed a trend ( Fig. 5F ; P = 0.08) to be higher in KO mice that might reach significance by increasing the sample size. 
Deletion of adrenocortical Bmal1 results in hyperadrenocorticism under T7 LD
To determine whether aberrant light induced changes in the circadian GC rhythm, mice were exposed to T7 LD for 3 weeks and then underwent microdialysis sampling for 48 hours. Under T7 LD, a circadian rhythm was detected in most (six of seven) CTRL mice (Fig. 4E) ; the amplitude of the circadian rhythm was not different from CTRL mice under T24 LD (T7 CTRL: 3.47 6 0.59 vs T24 CTRL: 2.78 6 0.22), but the peak phase under T7 LD was more variable (T7 CTRL: 14.4 6 3.9 vs T24 CTRL: 13.6 6 1.2; P , 0.05) as expected due to the loss of circadian photic entrainment. In contrast, KO mice showed high-amplitude corticosterone pulses that disrupted the circadian rhythm (Fig. 4F) ; most (four of six) KO mice showed no circadian rhythm by CircWave. Pulsar analysis showed that both peak amplitude (Fig. 5B) and total daily corticosterone production (Fig. 5C) were increased under T7 LD in KO compared with T7 LD CTRL mice, but peak frequency or interpeak interval (Fig. 5A) was not affected. A peak frequency of ;6 hours in all groups (Fig. 5A) likely represents an average interval of ;6 hours over a duration of 24 hours, not a 6-hour periodicity in corticosterone. Corticosterone responses to an ACTH challenge also were increased in KO mice on T7 LD (Fig. 5E and 5F ) but not on T24 LD (Fig. 5D and 5F ). These results suggest that loss of adrenal Bmal1 results in hyperadrenocortical response to T7 LD by augmenting corticosterone pulse amplitude.
Differential gene expression in adrenals from Bmal1 KO mice under T7 vs T24 LD
To ensure efficient recombination, we used homozygous AS Cre/Cre ::Bmal1
Fl/Fl KO mice for these experiments, as previously described (19) . To identify adrenal transcripts potentially involved in hyperadrenocortical responses to aberrant light in adrenal Bmal1 KO mice, we assessed mRNA expression profiles by RNA-Seq analysis. A total of 13 transcripts were differentially expressed in adrenals from KO mice after T7 LD compared with T24 LD, with 8 upregulated and 5 downregulated (Fig. 6A) (Fig. 6B ). In addition, we measured increased expression of StAR mRNA in adrenals from KO mice exposed to T7 LD (Fig. 6B) .
Discussion
Experiments were done to determine whether the adrenal clock is required for maintaining circadian GC rhythms during chronic exposure to aberrant light signals. Using AS Cre/+ ::Bmal1 Fl/Fl mice to delete Bmal1 selectively in the adrenal cortex and high temporal resolution sampling for corticosterone, we found that exposure to aberrant T7 LD not only resulted in loss of GC circadian rhythmicity but also produced hyperadrenocorticism, reflected by increased GC peak amplitude and augmented GC responsiveness to ACTH. These observations underscore a novel role for adrenal Bmal1 to buffer the circadian GC rhythm from changes that occur under aberrant light exposure.
To our knowledge, we generated a novel adrenal Bmal1 null mouse by taking advantage of the capability of the rodent adrenal to undergo postnatal transdifferentiation (19) . As shown using AS-Cre reporter mice to trace the lineage of adrenocortical cells, outer differentiated zG cells that express AS transdifferentiate to form the inner zF cells postnatally (19) . By using AS to drive Cre-recombinase and delete Bmal1 in zG cells, we hypothesized that postnatal transdifferentiation would proceed in the absence of Bmal1, and if true, loss of Bmal1 would occur in parallel with postnatal transdifferentiation to produce an adrenal cortex-selective Bmal1 null mouse. Results showed that KO mice underwent postnatal transdifferentiation comparable to that observed in CTRL mice as reflected by mGFP expression extending inward from the zG to the corticalmedullary border. Also, there were no clear morphological differences in the zG or zF, indicating that Bmal1 deletion did not prevent adrenal transdifferentiation. In addition, in KO mice, adrenal mGFP expression was paralleled by the loss of BMAL1 labeling, indicating that AS Cre/+ ::Bmal1 Fl/Fl mice could serve as an effective model for adrenal-selective Bmal1 deletion. In contrast to our previous report (19) , in which complete transdifferentiation occurred within ;3 months, in these experiments, complete transdifferentiation required a minimum of 7 months. Because no differences were observed between CTRL and KO female mice, Bmal1 deletion does not appear to be responsible for the delay. However, male KO mice did show a reduction in the ::Bmal1 Fl/Fl KO mice. Seventy-two-hour profiles [mean 6 SEM (n = 5 to 6)] of subcutaneous dialysate corticosterone in (A) CTRL and (B) KO mice and in individual female (C) CTRL and (D) KO mice under T24 LD. Peak corticosterone occurred daily at the onset of subjective night in CTRL and KO mice under T24 LD. Forty-eight-hour profiles of dialysate corticosterone in individual (E) CTRL and (F) KO mice under T7 LD. Circadian rhythmicity (defined by CircWave with peak phase denoted by black arrows) was observed in CTRL and KO mice under T24 LD and in CTRL mice under T7 LD; circadian rhythmicity was lost under T7 in most KO mice. Microdialysis samples were collected at 60-min intervals. Gray bars indicate the periods of darkness. Profiles in individual mice were analyzed to detect corticosterone peaks (denoted by +) using PULSAR.
extent of transdifferentiation and Bmal1 deletion compared with female KO mice when compared at 8 to 9 months. Sex differences in the rate of postnatal transdifferentiation have not been reported, although multiple factors have been implicated in the maintenance and transdifferentiation of zG cells (43) , so it is possible that sex differences in expression of one or more of these factors contribute to more rapid postnatal differentiation in female mice. To circumvent these limitations, subsequent experiments were performed using 7-to 10-month-old female mice.
To examine how loss of the adrenal clock affected GC rhythms, we used chronic microdialysis sampling in mice as described in rats (25) . Under T24 LD, both CTRL and adrenal clock KO mice displayed prominent circadian GC rhythms with peak corticosterone occurring at the onset of the dark phase. Loss of the adrenal clock did not alter the amplitude or timing of the rhythm, indicating that the adrenal clock is not required to maintain circadian GC rhythmicity under T24 LD. These results are consistent with previous work showing persistence of the GC rhythm during LD entrainment in MC2R-AS-BMAL transgenic mice, in which the adrenal clock is knocked down by expressing part of the BMAL1 coding region in an antisense orientation under adrenal cortex-specific control using the ACTH receptor (MC2R) promoter (13) . Unlike other tissues in which selective Bmal1 deletion results in impairment of both intrinsic rhythms and organ function (44) (45) (46) (47) , loss of the adrenal clock does not consistently result in disruption of GC rhythms or impaired adrenal function. For example, MC2R-AS-BMAL transgenic mice showed a dampened corticosterone rhythm under DD, suggesting that the adrenal clock may be required to maintain GC rhythmicity in the absence of T24 LD (13) . However, this effect was not replicated using a conditional Cyp11A1::Bmal1 KO mouse, despite loss of the molecular clock gene rhythm in the adrenal cortex (15) . The prevailing view is that the SCN clock synchronizes the phase of peripheral clock gene rhythms that in turn act locally to maintain rhythmic function in a tissue-selective manner. Based on the current study and previous results (13, 15) , this premise does not hold for adrenal clock control of GC rhythmicity. Because the GC rhythm is suppressed in global Bmal1 KO mice under T24 LD and DD (48), a functioning SCN clock is sufficient to maintain the GC rhythm.
However, the adrenal clock may be required to maintain the circadian GC rhythm during chronic exposure to aberrant light. To test this possibility, we adopted a mouse model of aberrant light exposure produced by an ultradian T7 LD cycle. The daily resetting of the SCN clock by environmental light requires an LD cycle with a period close to the endogenous t of the SCN (;24 hours) (49) . Based on the premise that the SCN clock and peripheral clocks require synchronization to maintain timing critical for homeostasis, exposure to ultradian LD cycles have been used in mice to create internal desynchrony of circadian rhythms (50) . Circadian rhythms in body temperature and SCN clock gene rhythms (17) are maintained under ultradian LD, but peripheral clock gene rhythms are disrupted (50) , suggesting central-peripheral clock desynchronization. We monitored activity in CTRL and KO mice under DD and under ultradian T7 LD using running wheels to determine if adrenal Bmal1 deletion affected circadian or ultradian rhythms. Results showed no differences between CTRL and KO mice in circadian period or amplitude of activity rhythms under DD; these data confirm results using conditional Cyp11A1::Bmal1 KO mice (15) that adrenal Bmal1 deletion does not alter circadian activity rhythms. During exposure to T7 LD, CTRL and KO mice showed an ultradian (;7 hours) periodicity in activity that likely is due to light negative masking (16) but maintained a circadian periodicity that did not differ in duration or amplitude between genotypes. These results show that activity rhythms under ultradian LD are not affected by adrenal Bmal1 deletion, underscoring the prominence of the SCN clock to maintain circadian rhythmicity during aberrant light exposure (17) .
The effect of ultradian LD on adrenal GC rhythms has been inconsistent; elevated plasma corticosterone with persistent circadian rhythmicity (17) or complete loss of circadian rhythmicity (50) has been reported. Differences might be attributed to variability due to low-frequency sampling over a 24-hour period. By using hourly microdialysis sampling in individual mice over 48 hours, we characterized the corticosterone profile under T7 LD. Results showed that circadian rhythms in corticosterone were maintained in CTRL mice under T7 LD; however, the total daily corticosterone produced was increased compared with mice under T24 LD, consistent with previous work showing elevated plasma corticosterone but persistence of circadian rhythmicity (17) . Because exercise can result in increased circadian peak plasma corticosterone and increased corticosterone responses to ACTH (51, 52), we measured total daily activity under different lighting conditions. Total daily activity was decreased under T7 LD compared with DD but not compared with T24 LD, indicating that increased locomotor activity likely does not contribute to elevated corticosterone in mice exposed to aberrant light. Exposure to T7 LD produced profound stimulatory effects in KO mice, including increased corticosterone peak amplitude with loss of circadian corticosterone rhythms in most mice and increased total daily corticosterone compared with CTRL mice. In addition to augmented corticosterone responses to T7 LD, we found increased corticosterone responses to an ACTH challenge in KO mice, suggesting that the hyperadrenocorticism results in part from increased responsiveness to ACTH. Aberrant light leads to altered corticosterone rhythms in adrenal Bmal1 KO mice despite maintenance of SCN-dependent circadian rhythms in activity. In contrast to T24 LD that entrains the SCN, it is possible that ultradian photic signals transmitted via intrinsically photosensitive retinal ganglion cells bypass the SCN (17, 53) to affect the adrenal. It is unclear whether ACTH or sympathetic input via the hypothalamic-spinal-adrenal circuit (54, 55) mediates aberrant light-induced alterations in GC rhythmicity in KO mice.
The loss of Bmal1 resulted in augmented steroidogenic responses to T7 LD, suggesting that adrenal Bmal1 may act as a repressor of steroidogenic activity in the adrenal cortex. In most peripheral tissues, Bmal1 deletion results in loss of clock gene rhythmicity and reduced tissue function (44) (45) (46) (47) . In contrast, Bmal1 deletion produces exaggerated chemokine responses in inflammatory monocytes (56) and in pulmonary epithelial club cells (57) when triggered by infection, indicating repression by BMAL1 in some tissues. A similar phenomenon may occur with adrenal Bmal1 deletion in which exposure to aberrant light triggers hyperadrenocortical responses, implicating Bmal1 as a repressor of steroidogenic function. Interestingly, corticosterone responses to acute stress were not affected in other mouse models in which adrenal Bmal1 was knocked down (13) or deleted (15) , suggesting that chronic activation of the adrenal produced by aberrant light may be required to uncover a hyperadrenocortical phenotype. Alternatively, because previous studies were restricted to male mutant mice (13, 15) , our findings in female KO mice may indicate sex differences in steroidogenic responses to adrenal Bmal1 deletion.
To identify candidate genes that could account for the hyperadrenocortical response in KO mice exposed to aberrant light, we used RNA-Seq analysis to compare gene expression between adrenals collected from adrenal Bmal1 KO mice exposed to T24 LD vs T7 LD. We found 13 differentially expressed genes that included genes associated with the circadian clock and cholesterol metabolism. We used quantitative PCR to validate the RNA-Seq results, confirming dysregulation of circadian clock genes, Nr1d1, Nr1d2, and Per3, and cholesterol metabolism and trafficking genes, Fabp7, Osbpl6, and StAR. Based on the importance of cholesterol storage and utilization in controlling steroidogenesis (58), our discussion will focus on genes that have been implicated in these cell processes. For example, Nr1d1 and Nr1d2 encode the nuclear receptors, REV-Erba and REV-Erbb, respectively, components of an accessory clock feedback loop that is driven by BMAL1:CLOCK and in turn represses Bmal1 transcription (59). Nuclear receptors REVErba and REV-Erbb not only act as clock genes in the brain and peripheral tissues (38, 59 ) but also have important regulatory effects on cholesterol metabolism in the liver (38, 60, 61) . Expression of adrenal REV-Erba displays a prominent circadian rhythm in wild-type mice (26, 62) , but expression is decreased and nonrhythmic in adrenal Cyp11A1::Bmal1 mutant mice (15) . Our novel finding of upregulation in adrenal Bmal1 KO mice during aberrant light exposure may suggest a role for REV-Erba and REV-Erbb in enhancing steroidogenesis by increasing cholesterol availability. Although most differentially expressed adrenal genes were upregulated in KO mice under aberrant light, Fabp7, which encodes FABP7, was downregulated. The function of adrenal FABP7 is unknown, but other members of the FABP family have been implicated in regulating cholesterol metabolism (63, 64) ; for example, liver-selective FABP1 deletion results in cholesterol accumulation in hepatocytes (65) . If decreased adrenal Fabp7 results in cholesterol accumulation, it could provide increased substrate to promote steroidogenesis in KO mice exposed to aberrant light. Genome-wide expression profiling in REV-Erba KO mice identified Fabp7 as a direct target of repression by REV-Erba in the SCN and other brain areas (66) . Our observation of adrenal Nr1d1 upregulation concomitant with Fabp7 downregulation in KO mice exposed to T7 LD supports a similar relationship between REV-Erba and Fabp7 in the adrenal gland. Adrenal Osbpl6 also is upregulated in adrenal Bmal1 KO mice; Osbpl6 encodes the Osbpl-related protein 6 that contributes to cholesterol trafficking in macrophages and hepatocytes (41) . Although a role for adrenal Osbpl-related protein 6 has not been reported, treatment of mouse Y1 adrenocortical cells with ACTH increases Osbpl6 mRNA (67) , and silencing adrenal Osbplrelated protein 2 in human H295 adrenocortical cells reduces steroidogenesis (68) . Finally, StAR is upregulated in KO mice exposed to aberrant light. This clock-controlled gene is expressed in a circadian fashion in the adrenal (13, 26) and is nonrhythmic and decreased in expression in adrenal Cyp11A1::Bmal1 mutant mice (15) . As a cholesterol shuttling protein that is required for steroidogenesis (58, 69) , upregulation of StAR could be responsible for increased corticosterone responses in adrenal Bmal1 KO mice exposed to aberrant light. Our initial screen has identified multiple differentially expressed genes that affect cholesterol uptake and trafficking, including StAR, providing potential candidates that could contribute to a hyperadrenocortical response. Additional experiments are required to determine the possible role of these genes in mediating increased steroidogenesis in adrenal Bmal1 KO mice exposed to aberrant light.
In summary, to our knowledge, we have generated a novel adrenal-selective Bmal1 null mouse and used highfrequency microdialysis sampling for corticosterone to determine the requirement of the adrenal clock to maintain circadian GC rhythmicity during chronic exposure to aberrant light. Our results confirm previous work showing that the adrenal clock is not required to maintain circadian GC rhythms under T24 LD, supporting the concept that the SCN clock is sufficient to synchronize GC rhythms during normal photoperiods. In response to aberrant T7 LD, circadian GC rhythms were maintained in most CTRL mice, whereas most KO mice were characterized by the loss of circadian GC rhythms. Loss of circadian GC rhythms in KO mice was associated with augmented GC peak amplitude and responses to ACTH, suggesting that adrenal Bmal1 acts as a repressor of adrenal steroidogenesis. An initial screen of dysregulated genes expressed in KO mice exposed to aberrant light identified multiple candidates involved in cholesterol metabolism and trafficking, including StAR, that could affect steroidogenesis. These observations underscore a novel role for the adrenal clock to prevent desynchronization of circadian GC rhythms that occur under conditions of aberrant light exposure like shift work and jet lag.
